One of the major challenges related to percutaneous radiofrequency ablation (RFA) of liver tumors is the exact placement of the instrument within the lesion. Previous studies have shown the benefit of computer-assisted needle insertion based on optical tracking of both the instrument and internal fiducials used for registration. However, the concept has not been accepted for clinical use. This may in part be attributed to the line-of-sight constraint imposed by optical tracking systems which results in the use of needles thick enough to avoid bending. Electromagnetic (EM) tracking systems allow the localization of medical instruments without line-of-sight requirements, but are known to be less robust to the influence of metallic and/or ferromagnetic objects. In this paper, we apply a previously introduced fiducial-based system for navigated needle insertion with an EM tracking system and assess the overall targeting error using a static phantom in two different settings: in a non-metallic environment (REF) and on a CT stretcher (CT). While accurate needle insertion could be achieved in the reference environment (REF: 2.6±0.7 mm), targeting errors dropped drastically in the presence of metal (CT: 10.4±6.1 mm). For accurate and robust computer-assisted needle insertion, EM field distortions should thus either be avoided by assuring a suitable environment or by using methods for shielding or error compensation.
Introduction
Cancer is one of the leading causes of death and experts expect further increase of incidence in the future [1] . In case of soft-tissue organs such as the liver, minimallyinvasive percutaneous radiofrequency ablation (RFA) is a promising new technique for gentle cancer treatment. The basic idea of RFA is to destroy malignant tissue by thermal ablation. One of the main challenges related to this method is the exact placement of the needle-shaped RFA probe within the lesion.
Unfortunately, most systems for computer-assisted needle insertion in clinical use today are still restricted to applications for rigid structures, such as the skull or the spine. Thus, computer-assisted needle insertion for soft-tissue is an ongoing field of research [2] [3] [4] [5] [6] [7] .
In a previous study, we presented and evaluated an approach to computer-assisted needle insertion that applies an optical tracking system to continuously compute the pose of an abdominal target (e.g., a tumor) from a set of tracked fiducial needles inserted into the target organ. Although targeting accuracies in the magnitude of several millimeters could be achieved [4] and the number of needle repositioning and control CT scans could be reduced [5] , the concept has not been accepted for clinical use. This may be attributed to the fact that the clinical workflow of the intervention is changed drastically by the introduction of additional hardware to localize the patient and the instruments. Apparently, the benefit to the patient does not balance the resulting additional costs as well as a more complex intervention setup. One obvious drawback of the approach, for example, is the fact that optical tracking systems impose the line-of-sight constraint on tracked tools and require the use of needles thick enough to avoid bending.
Electromagnetic (EM) tracking is a well-known alternative tracking technique which allows localizing small EM sensors in an EM field of known geometry. It permits the tracking of flexible instruments because it does not have any line-of-sight limitation. Although the technique has already been applied by different groups with some success [6, 7] , it is well-known that EM tracking systems suffer from systematic errors arising from the influence of metal near the field generator or the tracked sensor [8, 9] . To investigate the effect of these distortions on targeting accuracy, we apply our previously introduced fiducialbased system with an EM tracking system and assess the overall targeting error in both a reference setting and on the CT stretcher in an interventional radiology suite.
Methods
The following paragraph reviews the fiducial-based navigation approach presented in previous work [4] (Section 2.1). Prior to evaluating the EM-based system for computer-assisted needle insertion in the clinical workflow, we conducted a set of experiments for assessing the accuracy and precision of EM needle tracking with a protocol previously applied to an optical tracking system [10] (Section 2.2). The system was then tested in clinical workflow by performing 20 needle insertions in two experiments (Section 2.3).
Navigation Approach
The proposed approach to computer-assisted needle insertion [4] , as shown in Figure 1 , estimates the pose of an ab-dominal target (e. g., a tumor) continuously from a set of tracked fiducial needles. Prior to the intervention, the needles are inserted in the vicinity of the target, and a planning computed tomography (CT) scan is acquired.
Figure 1
Flow diagram of fiducial-based the navigation approach according to [4] .
After these preparations our navigation software is used to support the remaining part of the navigation approach. In
Step 1 the navigation software is initialized by selecting the instruments and fiducial needles, configuring the tracking hardware and loading the planning CT data. In
Step 2 the insertion path is planned by choosing an insertion point and target point based on the CT data.
Step 3 includes manual registration of the fiducial needles in the CT data and start of the tracking device. Next, the image-to-patient registration is calculated by the system with a point-based approach [4] . During navigation, the image-to-patient registration is updated continuously for motion compensation.
Actual navigation in
Step 4 is supported by a three step visualization concept [4] .
We implemented this software using the open source toolkit MITK and its module for image guided therapy MITK-IGT [11] , which facilitates the development of image-guided therapy (IGT) systems by supporting commonly used tracking devices and providing a concept for processing tracking data.
Figure 2
Needle-shaped EM sensors of the type 21G and 18G which were used for this study.
EM Tracking for Needle Localization
The Aurora ® EM tracking system (Northern Digital Inc., Waterloo, Canada) with the standard field generator (FG), referred to as Planar FG, was used to locate both the instrument and fiducial needles in this study. For quantification of the accuracy and precision of EM-based needle tracking, we applied a protocol previously used to assess the performance of optical systems [10] Figure 2) .
The measurements were conducted on a CT patient stretcher. Following the protocol we determined tracking accuracy and precision for both instruments. For the purpose of comparison we conducted the same measurements in a laboratory setting without metallic or ferromagnetic objects near the FG or the instruments (LAB).
Punctures in Clinical Workflow
The goal of the experiments was to compare the accuracy of the system in two different settings: in a non-metallic environment (REF) and on a CT stretcher (CT). For this purpose, a phantom made of ballistic gelatine was prepared, as shown in Figure 3 . This phantom included more than 20 small target spheres visible in CT images. As fiducial needles and instruments we used needles of the Type 21G and 18G (c.f. Section 2.2). The experimental setup is shown in Figure 4 .
Figure 3
The gelatine phantom used in this study.
Two experiments (REF and CT), which are described in the following paragraphs were performed using this phantom. During these experiments the needle insertions where always conducted following step 1 -4 of the navigation approach (c.f. Figure 1) .
REF:
For reference ten artificial targets in the gelatine phantom were punctured after the phantom was moved to a non-metallic table. The following protocol was repeated five times, with two nodes being targeted in every experiment: (i) acquire planning CT, (ii) move the phantom to a non-metallic table, (iii) insert needle (twice), (iv) move the phantom back to the CT bench and (v) acquire control CT.
CT: To analyse the robustness of the system concerning possible disturbances of the EM field, the same procedure was applied on the metallic patient stretcher of the CT scanner, which implies steps (ii) and (iv) of the protocol were left out.
For all experiments, the distance between the needle point and the planned target extracted from the control CT scan was defined as final targeting error. As in [4] , the user er-ror was defined as the distance between the position of the target in tracking coordinates, as calculated by the navigation system, and the actual tracked position of the needle point.
Figure 4
Experimental setup for the navigated punctures in clinical workflow.
Results
The results of the measurements with the Aurora ® EM tracking system are shown in Table 1 . According to our assessment tracking error increases by a factor of 15, when tracking on the metallic patient stretcher of a CT. Even in the reference environment (LAB), the results are worse (error: ~ 5 mm) than those obtained with an optical system (error: ~ 1 mm).
[ In nine out of ten punctures the needle point touched the small target sphere directly. In one case it was also touched by the needle, but the tip was moved slightly too far.
The ten punctures performed on the patient stretcher (CT) showed a clear reduction of accuracy with an overall targeting error of 10.4±6.1 mm and a user error of 22.7±7.4 mm. The target sphere was touched in none of the punctures. In one case, the needle even touched the bottom of the plastic box around the phantom.
Discussion and Conclusion
In this paper we investigated the effect of EM field distortion on the targeting accuracy of a system for computerassisted needle insertion.
In preliminary tests of the NDI Aurora ® EM tracking system on the CT patient stretcher, we observed a considerable decrease in accuracy. This can be explained by distortions of the EM field caused by metallic and/or ferromagnetic components in the environment. Similar results were also reported by related studies [8, 9] . However, we observed no remarkable deviation in accuracy or jitter between the two needle-shaped sensor types we used for our navigated needle insertions. We had performed the same experiment with the optical tracking system NDI Polaris ® in a previous study [10] . Comparing the results of the Aurora ® system in a laboratory environment (LAB) to these results, we observed a decrease in accuracy by a factor of 4. However, it should be pointed out that the phantom is relatively large compared to the tracking volume of the Aurora ® system.
The punctures performed in a gelatine phantom on a nonmetallic table (REF) showed accurate results. The small spheres used as targets had a diameter of about 2 mm. In all cases the needle touched the sphere. However, we assume the real accuracy of the system is higher than the 2.6±0.7 mm we observed because it was not possible to reach the middle of the solid sphere exactly.
We also performed punctures in the gelatine phantom directly on a CT bench. These punctures showed inaccuracies with an overall targeting error of more than 1 cm. A phenomenon we observed here was that the user error was even larger than the targeting error. This can be explained by the fact that the sensor was rather far away from the patient stretcher at the start of the targeting procedure. Thus, the insertion angle was probably relatively accurate. With a decreasing distance of the needle to the CT stretcher, the tracking error presumably increased [8] . As a result, the navigation system calculated a distance to the target that is higher than it actually is. This assumption was confirmed by an observation during the experiments: It appeared as if the needle travelled along a curved trajectory, although it didn't.
The results of this study are raising the question what methods are available to avoid increased tracking errors if a metal free environment cannot be assured, e. g. because the procedure must take place on a metallic stretcher due to the workflow in clinical routine.
Multiple authors have investigated techniques for compensating static EM field distortions by performing a preprocedural calibration procedure [12, 13] . However, these methods are still challenging to implement in real time and clinical benefit for computer-assisted needle insertions has to be shown in further studies.
Another possibility is to use specifically designed EM field generators that allow for shielding the EM field against distortions. Such a field generator for the Aurora ® system, referred to as Tabletop FG, has recently been presented by NDI. This field generator allows for accurate tracking on a metallic stretcher and can be considered as a good solution for computer-assisted needle insertions. [8] In conclusion, EM field distortions should either be avoided by assuring a suitable environment or by using methods for shielding or error compensation to submit accurate and robust computer-assisted needle insertion.
